Dual phase steels having a microstructure consisting of a ferrite matrix, in which particles of martensite are dispersed, have received a great deal of attention due to their useful combination of high strength, high work hardening rate and ductility, all of which are favorable properties for forming processes. In the present work, various microstructure-level finite element models are generated based on the actual microstructure of DP590 steel, to capture the mechanical behavior and fracture mode. The failure mode of DP steels is predicted using the plastic strain localization theory, mainly resulting from the material microstructure-level inhomogeneity as well as the initial geometrical imperfection. Besides the simulation, tensile test specimens of dog bone type with different edge cracks were prepared on an internally designed blanking tool, and the corresponding deformation processes were recorded via digital image correlation system. It is found that the overall ductility of the DP590 steel strongly depends on the ductility of the ferrite matrix, and pre-existing edge cracks reduce the overall ductility of the steel and change the failure mode.
Introduction
The modern automotive industry is increasingly reducing the car body weight by the implementation of new technologies in material processing and light materials. Dual phase steels having a microstructure consisting of a Ferrite matrix, in which particles of martensite are dispersed, have received a great deal of attention due to their useful combination of high strength, high work hardening rate and ductility, all of which are favorable properties for forming processes.
Nomenclature

M
Taylor factor Shear modulus b
Burger's vector L dislocation mean free path k r recovery rate 0 yield strength Due to the multiphase microstructures, DP steels are very sensitive to all post-processing operations that raise difficulties in describing their failure mode and predicting their ductility with the conventional procedure like the forming limit diagram. Thus, numerical FE simulation technologies using representative volume elements are implemented to quantitatively correlate the microstructure and mechanical properties of materials. The extent to which the representative volume element captures the behavior of the microstructure depends in a way on how accurately the representative volume element captures the morphological features of the actual microstructure (Socrate et al., 2000) . Thus several idealizations are investigated out of which the axisymmetric model is shown to display intrinsic ability to capture the expected material behavior (Al-Abbasi et al., 2003) . In addition, Paul et al. (2012) and Sun et al. (2009) employed the representative volume element to predict the flow behavior, plastic strain localization and plastic instability under different boundary conditions during the uniaxial tensile loading.
DP steels typically show a combined mode of ductile fracture (dimple) and cleavage fracture, with the former being the dominant mode. On this topic, Uthaisangsuk et al. (2008) utilized real microstructure based representative volume elements to evaluate the microstructure deformation and the failure initiation on the mesoscale, addressing the martensite cracking with extended finite element method. Besides, cohesive zone model was used to study the debonding analysis of the martensite islands from the ferrite parent phase, and the GursonTvergaard-Needleman model was applied to describe the ductile damage of the ferrite matrix. Similar work was done by Vajragupta et al. (2012) and Ramazani et al. (2013) as well.
In the present work, a micromechanical model based on real microstructure was developed to capture the mechanical behavior of DP590 steel. The failure mode was predicted using the plastic strain localization theory, mainly resulting from the material microstructure-level inhomogeneity as well as initial geometrical imperfection. Regarding the experiment, tensile test specimens of dog bone type with different edge cracks were prepared on an internally designed blanking tool, and the corresponding deformation processes were recorded via digital image correlation system. It is found that the overall ductility of the DP590 steel strongly depends on the ductility of the ferrite matrix, and pre-existing edge cracks reduce the overall ductility of the steel and change the failure mode.
Experiments
The material of the specimen tested in the experiment is DP590 cold rolling steel, of which the thickness (t) is 1.2mm. The geometry and dimension of the tensile test specimen is shown in Fig. 1 . The specimens were made by wire-electrode cutting and edge blanking as well. All the specimens are along the rolling direction. For the edge blanking specimens, the specimen with a rectangular outer contour was made by wire-electrode cutting first, and then the edge of gauge length was blanked with the clearances of 5.65%, 16.67% and 27.78% thickness.
The tensile tests were performed at a velocity of 1mm/min at the Zwick 100 testing machine. For each case, three parallel tests were carried out. In order to identify where the crack initiation occurs and the correspondent local strain for this position and stage, uniaxial tensile test with digital image correlation technique was carried out on the studied DP590 steel. 
Micromechanical modeling
Micromechanical modeling using numerical tensile test of a representative volume element is an appropriate procedure to study and model the mechanical and failure behavior of DP steel. This method is advantageous since it provides a good description of the deformation of the material on the micro-level giving insight into the stress and strain evolution as well as the distribution in and between the phases.
Representative volume element generation
The 2D representative volume element model in this work is based on an actual microstructure picture of DP590 steel. To get a light optical microscopy image of DP590 steel, specimens are prepared in a conventional manner with a final polishing sequence of a series of polishing and short etching treatments (5-7 sec.) using 2% nital to remove any disturbed metal. Then one kind of etchant named lepera (consisting of a 1% aqueous solution of sodium metabisulfite and 4% picric acid in ethyl alcohol) is mixed, and the specimen is immediately immersed for 7-12 sec. at room temperature. Following this, the specimen is rinsed with ethyl alcohol and blown dry. The specimen surface should appear blue-orange. And under light optical microscopy, martensite grains appear white, and Ferrite grains appear tan (as shown in Fig. 2a) . With this LOM-image of the real microstructure, the grey scale values of the different pixels were evaluated by a software tool called Algolab. By defining a threshold value, martensite and Ferrite area could be differentiated automatically. Via image processing, it is easy to calculate the martensite fraction, which is 22% in this work.
Afterwards, the image was converted to a 2D FE model as shown in Fig. 2b , by using Hypermesh software to mesh the selected region with combined triangular and rectangular elements. In order to finely describe the martensite islands, mesh size of 0.3 m (red elements) was used, while for the Ferrite region mesh size of 1 m (yellow elements) was applied. The whole size of the 2D representative volume element is 55 55 m 2 , and the total element number is 20,000.
Flow curve modeling of single phase
An empirical model was applied to describe the strain hardening behavior of the individual phases in the DP590 steel. In the applied empirical approach (Rodriguez et al., 2003) some parameters are computed empirically according to the local chemical composition. The approach is given in Eq. (1)
in which is a constant, M is a Taylor factor (M= 3), is the shear modulus ( = 80,000 MPa) and b is the Burger's vector (b= 2.5 10 -10 ). L is the dislocation mean free path (for Ferrite L=5.0 10 -6 and for martensite L=3.8 10 -8 ), k r is the recovery rate (k r =1.1 and 41 for ferrite and martensite respectively). 0 is the yield strength and calculated based on the chemical composition (According to the current used DP590 steel, for Ferrite 0 =389MPa and for martensite 0 =1319MPa). Fig. 3 shows the engineering strain and stress curves as well as fracture morphologies of the specimens under different manufacturing conditions. In terms of the fracture morphology, for the wire electrode cutting specimen the fracture surface is typical shear lip fracture mode, while for the edge blanking specimens, generally combined cross cracks and shear lip fracture are observed. Especially for the case in which blanking clearance is 27.78% sheet thickness, cross cracks are highly distinct. According to the engineering strain-stress curves, the ductility of specimen 1, 2 and 3 are almost same however the ductility of specimen 4 is very low compared with the others. By post processing with the digital image, it can be found that for the wire electrode cutting specimen, symmetric necking appears when strain reaches 27.83%, then in a tiny range from 29.30% to 29.32%, the crack extends to fracture. While for the edge blanking specimens, asymmetric necking phenomenon could be found at the points of stress inflection, which indicates that asymmetric necking is the key factor inducing the stress inflection. Regarding the cross crack, the strains to incipience are 28.32% and 27.69% respectively for specimen 2 and specimen 3. For the specimen 4, two cross cracks was observed when the strain reaches 16.51% and 17.54%. The extension of the cross crack decreases the loading area and causes the dropping of the stress, and when the loading area reaches a certain degree, with the effect of the shear stress, the crack extends along 45 degrees rapidly to the final fracture.
Results and discussion
Failure mode and ductility of specimen with edge crack
Failure mode in 2D representative volume element simulations
The boundary condition and element type varies according to the position of representative volume element on tensile test samples (Paul, 2012) . Since the concentrate of this work was put on the edge crack, the position of representative volume element was selected close to the free boundary of the gauge and located in the x-y plane as shown in Fig. 1 . Due to in plane dimension is much larger than the thickness, the stress along the normal direction may be considered to be zero. Therefore, the materials in this region can be considered under plane stress state. In terms of the boundary conditions, the upper lateral side was set to have no constraint while the bottom lateral side need to be confined no displacement in y direction. The left side is set with x position fixed and free in y direction, and the right side is given a definite displacement in x direction. Under plane stress with one side lateral constraints, Fig. 3 shows a shear failure mode being developed under uniaxial loading, which correlates well with the experimental observations. Detailed examination of the deformation process indicates that, yielding occurs mainly in the ferrite grains near the martensite islands (especially Ferrite grains surrounded by martensite), while the martensite grains continue to carry higher stresses. At an overall strain level of 8%, the regions with highest equivalent plastic strains begin to localize, which lead to the final shear failure at overall strain of 9%. According to the failed representative volume element, the plastic strain localization lies mainly in the ferrite grains along the martensite grain boundaries. Only occasionally does the macroscopic fault line cut through some neck regions in martensite grains. These predicted deformation behaviors are in good agreements with the experimentally observed fracture behavior for DP steels ).
Failure mode in 2D representative volume element simulations with geometrical imperfection
In order to estimate the influence of initial geometrical imperfection on the failure mode, tailored gap with size of 0.35 m 0.60 m was designed on the Ferrite matrix. Fig. 4 shows the simulation results under uniaxial tensile loading condition similar to the one of section 4.2. During the deformation process, stress and strain localization can be clearly observed in front of the gap, and later the fracture is initiated in this location. Detailed examination of the representative volume element simulation results indicates that the fracture propagates at the very start along the direction perpendicular to the loading direction, and then shear fracture pattern occurs along the 45 degree to loading direction, which is in high correlation with the experimental observations. By hiding the martensite region, it could be found that the fracture generally propagates along the grain boundaries between the martensite and Ferrite grains. Once the potential propagation path is stemmed by the martensite islands of large size, the fracture propagation will surf in the Ferrite grains surrounded with this martensite islands. 
Conclusions
The overall ductility of the DP590 steel strongly depends on the ductility of the ferrite matrix, and pre-existing edge cracks reduce the overall ductility of the steel and change the failure mode. The strain localization in the surrounding ductile ferrite subsequently resulted in a damage onset in the ferritic phase. Afterwards, ductile damage governed the damage progression throughout the microstructure. For the edge blanking specimens, asymmetric necking phenomenon is the key factor inducing the stress inflection.
